We measured the Soret coefficients of alkali oxides in binary alkali borate glass melts. The alkali borate glasses, 15(mol %)Li 2 O 85B 2 O 3 , 15Na 2 O85B 2 O 3 , and 15K 2 O85B 2 O 3 , were encapsulated in platinum capsules and heat-treated at 1000°C with a temperature gradient in a tube furnace. After the heat treatment, the compositional distribution of the glass sample was measured by Raman spectroscopy. The Soret coefficients of the alkali oxides Li 2 O, Na 2 O, and K 2 O increased with the atomic numbers of the alkali metal ions. This indicates that alkali oxides more easily have high concentration in cold regions as the atomic numbers of the alkali metal ions in the alkali oxides increase. This result provides new information about the diffusion properties in glass melts.
Introduction
In 1879, Soret observed that the concentration of salts in a salt solution increases at the cold end of a temperature gradient. 1) Generally, temperature gradient-driven diffusion in liquid is called the Soret effect. The mechanism of the Soret effect is still controversial and it is an area of interest in non-equilibrium thermodynamics. 2) In the last three decades, the Soret effect in silicate melts has also been investigated in the field of earth science 3)7) using multicomponent silicate melts that contain more than two oxides. It was revealed that the heavier isotopes migrated more easily to the cold end of the gradient than the lighter isotopes.
5)7)
Reuther et al. investigated the Soret effect in glass below the glass transition temperature. 8),9) Studies have also been conducted in glass melts. The migration directions of glass components in binary-component glass melts were investigated by using a femtosecond laser to create a steep temperature gradient inside the glass. In CaOSiO 2 glass, the concentration of CaO was higher on the colder side; 10) in Na 2 OSiO 2 glass, the concentration of Na 2 O was higher on the colder side; 11) in Na 2 OB 2 O 3 glass, the concentration of Na 2 O was higher on the colder side; 12) and in Na 2 OGeO 2 glass, the concentration of Na 2 O was higher on the colder side. 13) However, this method does not provide the temperature distribution because the heated region is too small (<100¯m). To calculate the Soret coefficient, the temperature and concentration distributions are required. Therefore, although the migration direction (to the hot or cold side) can be determined by the laser irradiation method, we cannot calculate the Soret coefficient and compare the migration behavior and mechanism of glasses quantitatively. To our knowledge, the Soret coefficients in binary glass melts have not been measured.
The Soret effect in glass melts is important for the glass industry because homogeneous glasses are crucial for optical devices and thermally stable glass. In industrial glass-melting tanks 14) and laboratory glass-melting crucible, temperature gradients would induce the Soret effect. Furthermore, laser irradiation during laser welding 15) and cutting 16) of glasses would also induce the Soret effect because the small focal spot produces a steep temperature gradient. Measuring Soret coefficients will enable us to discuss and predict damage, such as stress and inhomogeneity, caused by laser irradiation.
In this paper, we measure the Soret coefficients of alkali oxides in alkali borate glass and discuss the main parameters that contribute to the Soret coefficient of alkali oxides.
Experiment
Alkali borate glasses, 15(mol %)Li 2 O85B 2 O 3 , 15Na 2 O 85B 2 O 3 , and 15K 2 O85B 2 O 3 , were prepared by the conventional melt quenching method. The glasses were sealed in platinum capsules because the alkali oxides are easily volatilized. Figure 1 (a) shows sizes of the platinum capsule and the glass inside the capsule. The procedure to make the capsule is described below. One end of a platinum pipe was welded. The glass sample was ground into powder. This powder was put into the pipe, and melted at 1300°C. The other end of the pipe was welded.
The platinum capsule containing the glass was put in a tube furnace. Figure 1 (b) shows a schematic of the inside of the furnace. The temperature is highest in the center of the furnace. We measured the temperature distribution by Method A with a moveable thermocouple. Figure 1 (c) shows the typical temperature distribution measured in the furnace tube. In Method A, we measured the temperature of the air around the platinum capsule. Otherwise, the temperature on the edges of the platinum capsule was measured by Method B. The temperature measured at the cold end of the platinum capsule by Method B was higher than that measured by Method A owing to the high thermal conductivity of platinum. 17) We define the temperature-gradient correlation factor, ¡ = 0.48, as the ratio of the temperature gradients obtained with Methods A and B. As shown in Table 1 , the platinum capsule was heat-treated for 90 or 135 h in the various temperature ranges. The heat treatment temperature was above the liquidus temperature for this composition and components. 18) By calculating with vapor pressure, 19) we confirmed that the effect of volatilization of the glass component to the air on concentration distribution is negligible. After the heat treatment, the platinum capsule was quickly removed from the furnace tube and quenched in air.
The platinum capsule was cut at 5 mm intervals and polished, and the concentration of the heat-treated glass was measured at each position by confocal Raman spectroscopy (LabRAM HR Evolution, Horiba). Figure 1(d) shows the measured data and fitted curve. The peak around 776 cm ¹1 was assigned to the symmetric breathing vibration of six-membered rings with one BO 4 tetrahedron. 20) The peak around 806 cm ¹1 was assigned to the symmetric breathing vibration of boroxol rings. 20) The peak area ratio of the two peaks depended on the mole ratio of the alkali oxide in the alkali borate glasses and was determined by fitting with pseudo-Voigt functions and a line. As shown in inset of Fig. 1(d) , we prepared the standard curve by measuring glass samples with known compositions, and we determined the composition at each position in the heat-treated glass samples with the standard curve. In this paper, we assume that water dissolved in glass and fictive temperature will not affect the ratio of the peak area.
Results and discussion
After heat treatment, the glasses were transparent. Figure 2 shows an example of the mole fraction measured after the heat treatment plotted against heat treatment temperature. We assumed that the ions did not migrate during sample cooling. Li 2 O had higher concentration in the hot region, while Na 2 O and K 2 O had higher concentration in the cold region after the heat treatment. The composition gradient of K 2 O is steeper compared with that of Na 2 O. To quantify this behavior, we calculated the Soret coefficient, · soret , with
where n is the mole fraction of component M 2 O (M = Li, Na, or K), T is the temperature, and ¡ is the temperature correlation factor described in the experimental session. This is the modified version of the equation for a binary non-electrolyte system.
21)
The difference between our equation and that in Ref. 21 , and 18.3 © 10 ¹5 K ¹1 , respectively. The positive value of the Soret coefficient indicates that the alkali oxides have higher concentration in the cold region compared that in the hot region. The Soret coefficients and experimental conditions in this study are summarized in Table 1 . The Soret coefficients obtained after 90 h heat treatment sample had the same order of magnitude as those obtained after 135 h. Therefore, the system was close to a steady state after 90 h. Figure 3 shows the plots of the Soret coefficients. We can easily confirm that the Soret coefficients increased with the atomic number of the alkali ion in the alkali oxide. The Soret coefficients of Na 2 O were positive, indicating that Na 2 O had higher concentration in the colder region. This is consistent with the results obtained by femtosecond laser irradiation.
12)
The dispersion of the data plots is attributed to the composition analysis by Raman spectroscopy and the effect of convection flow. In this system, because the temperature gradient was perpendicular to gravity, the effect of vertical convection on the Soret effect should be small, although it might not be negligible. In future work, we intend to construct a system with less convection to obtain more accurate values.
The Soret coefficients of the alkali oxides Li 2 O, Na 2 O, and K 2 O increased with the atomic numbers of the alkali metal ions. This indicates that alkali oxides more easily have high concentration in cold regions as the atomic numbers of the alkali metal ions in the alkali oxides increase. In this paper, we assume that the diffusing species are alkali oxide, Li 2 O, Na 2 O, and K 2 O. It has been reported that heavier isotopes migrated to cold regions in multicomponent oxide melts than lighter isotopes. 5) 7) The weight of the alkali oxide should be an important factor in explaining our results since the molar masses of Li 2 O, Na 2 O, and K 2 O are 29.9, 62.0, and 94.2 g/mol, respectively. Another important factor should be strength of the single bond between alkali metal ion and oxide ion. The migration tendency that the network former oxides diffuse to hot end and the network modifier oxides diffuse to cold end has been reported in many papers, 3 ),4),10) 13) which suggests that oxides which contain cation strongly bonded with oxide ion easily have high concentration in hot region. 22) The experimental results in this paper also can be explained from this point of view since the single bond strengths between alkali metal ions and oxide ion in Li 2 O, Na 2 O, and K 2 O, are 151, 84, and 54 kJ/mol, respectively. 22) Further research should be done to elucidate factors controlling the Soret effect in glass melts.
Conclusion
We conclude that the Soret coefficients of alkali oxides Li 2 O, Na 2 O, and K 2 O in alkali borate glasses increase with the atomic numbers of alkali metal ions. The higher concentration of Na 2 O in the cold region in sodium borate glass melts is consistent with previous femtosecond laser results. These findings will contribute to elucidating the Soret effect in glass melts. 
